High-resolution X-band polarimetric radar data were collected in 19 snowstorms over northern Colorado in early 2013 as part of the Front Range Orographic Storms (FROST) project. In each case, small, vertically erect convective turrets were observed near the echo top. These ''generating cells'' are similar to those reported in the literature and are characterized by ;1-km horizontal and vertical dimensions, vertical velocities of 1-2 m s 21 , and lifetimes of at least 10 min. In some cases, these generating cells are enshrouded by enhanced differential reflectivity Z DR , indicating a ''shroud'' of pristine crystals enveloping the larger, more isotropic particles. The anticorrelation of radar reflectivity factor at horizontal polarization Z H and Z DR suggests ongoing aggregation or riming of particles in the core of generating cells. For cases in which radiosonde data were collected, potential instability was found within the layer in which generating cells were observed. The persistence of these layers suggests that radiative effects are important, perhaps by some combination of cloud-top cooling and release of latent enthalpy through depositional and riming growth of particles within the cloud. The implications for the ubiquity of generating cells and their role as a mechanism for ice crystal initiation and growth are discussed.
Introduction
During the 2013 snow season in north-central Colorado (January-May), scientists at the National Center for Atmospheric Research (NCAR) and Colorado State University (CSU) ran a pilot field experiment to study the finescale structure of winter storms. Called the Front Range Orographic Storms (FROST) project, the study involved intensive radar measurements that were taken during winter precipitation events. FROST leveraged the ongoing Solid Precipitation Intercomparison Experiment (SPICE; http://www.wmo.int/pages/prog/www/IMOP/ intercomparisons.html), which aims to quantify uncertainty associated with snow gauge measurements of winter precipitation, with the eventual goal of improving quantitative precipitation estimates. As part of SPICE, NCAR has deployed a suite of automated snow gauges at its Marshall Field Site (MFS) in north-central Colorado (Rasmussen The FROST-2013 experiment collected data during a total of 19 cases, although not all instrumentation was available for each case (see Table 1 for details). For most of these cases, the research radars operated using specified scanning strategies. The scanning strategy for the NCAR-XPOL radar involved 10 PPI scans at constant elevation angles, 10 RHI scans at constant azimuth angles, and 3 min of vertically pointing or ''birdbath'' scans. CSU-CHILL volume scans comprised six PPI sweeps followed by four RHIs (including one over MFS). Table 2 has the details of each radar's scanning strategy. Note that in some cases the scanning strategies were changed at the discretion of the radar operator and/or the principal investigators (PIs) in an effort to capture targets of opportunity, including continuous RHIs to capture more rapid updates on the evolution of features of interest.
One such feature of interest that was observed in every case during FROST is a collection of small-scale, vertically erect turrets located near echo top (Fig. 2) . These turrets are reminiscent of so-called generating cells that produce high concentrations of ice crystals near cloud top. Such generating cells near cloud top have been documented in the literature for over 50 years, as discussed in detail in the next section. However, the unique high-resolution polarimetric radar measurements coupled with in situ thermodynamic data from the radiosondes provide a detailed look at the structure and evolution of these generating cells-and in a larger number of cases than previously documented. In addition, the use of polarimetric radar data in this study reveals added information regarding the microphysical composition of generating cells, including what we term a ''shroud echo'' surrounding some of the generating cells.
The next section reviews previous studies that have documented generating cells. Section 3 presents observational data from FROST of generating cells and shroud echoes and provides microphysical explanations for their appearance. The practical implications of generating cells and shroud echoes are discussed in section 4, which is followed by a summary of our main conclusions in section 5.
Background
For over half of a century, observations of so-called generating cells of cloud and precipitation particles and their associated fall streaks have been presented in the 1, 5.1, 6.0, 7.0, 8.1, 9.0, and 9.9 95.0, 105.0, 115.0, 125.0, 135.0, 145.0, 155.0, 165.0, 175.0, and 180.0 3 min CSU-CHILL 0.4, 0.9, 1.7, 2.8, 3.9, and 5.0 235.8, 220.7, 214.4, and 181.8 None literature (e.g., Marshall 1953; Gunn et al. 1954; Langleben 1956; Miles 1956; Ludlam 1956; Douglas et al. 1957; Wexler and Atlas 1959, and many others) . These cells seem to play an important role in the production of precipitation that eventually reaches the surface (e.g., Douglas et al. 1957; Hobbs and Locatelli 1978; Matejka et al. 1980; Herzegh and Hobbs 1981; Houze et al. 1981; Rutledge and Hobbs 1983) . The generating cells are small-scale convective towers that are often located at or near cloud top. Most previous studies are consistent in reporting horizontal dimensions on the order of 1-2 km, with vertical extents of slightly less than that (see Table 3 ). Updraft speeds have been estimated or inferred from measurements in various ways but have been consistently reported at about 1 m s
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. Cronce et al. (2007) report a maximum updraft speed in a winter snowband of ;6 m s
; however, they also show that only 9% of their profiler observations revealed updrafts exceeding 2 m s
. In contrast to the width, depth, and intensity of generating cells, there appears to be no preferred height or temperature level at which they form (e.g., Douglas et al. 1957) . For example, Crosier et al. (2013) found them at temperatures that were colder than 2408C, whereas Henrion et al. (1978) found them near 2128C. Evans et al. (2005) even found generating cells located at two different levels during the same event (at about 2218C and at temperatures below 2408C). In a similar way, the literature is inconsistent regarding the characteristic spacing between generating cells, with a range of values between about 5 (Wexler and Atlas 1959; Sassen et al. 1990 ) and 32 (Marshall 1953) km. One study (Syrett et al. 1995) even found the spacing to change from 1.8 to 12 km after the passage of an upper-level trough. The apparent lack of preferred spacing or location implies that the physical processes producing generating cells are not dependent on temperature or microphysics and are unlikely to be caused by wavelike or other periodically varying kinematic features.
Most of the studies are in agreement that lifting of potentially unstable air at cloud top is the source of the convective instability that drives the generating cells. A notable exception is Ludlam (1956) , who suggests that release of latent enthalpy by depositional growth of ice crystals in the fall streaks leads to buoyant air that rises up the fall streak and forms the ''shred cloud'' associated with the fall streak. In other words, Ludlam (1956) argues that the fall streaks cause the generating cells. Syrett et al. (1995) present interesting cloud-radar observations of a thinned cirrus layer above the generating cells. They posit that enhanced radiational cooling afforded by thinning of the overlying cirrus cloud may have allowed the formation of the generating cells.
The majority of the generating-cell observations come from remote sensing platforms, such as cloud and precipitation radars, lidars, and profilers. There is general agreement that the higher reflectivity [or signal-to-noise ratio (SNR)] core of the generating cell is associated with updraft, while compensating downdrafts on the periphery of the cells are found in regions of low reflectivity or SNR (e.g., Carbone and Bohne 1975; Cronce et al. 2007 ). This observation implies that precipitation particles being generated in the generating cells are falling back through the updraft once they have grown to sufficiently large sizes (Carbone and Bohne 1975) .
Indeed, aircraft penetrations have revealed enhanced ice crystal number concentration within generating cells (e.g., Henrion et al. 1978; Houze et al. 1981; Wolde and Vali 2001; Evans et al. 2005; Ikeda et al. 2007; Crosier et al. 2013) . In many of these cases, liquid water droplets were detected and/or icing of the aircraft or its probes occurred (Wexler and Atlas 1959; Henrion et al. 1978; Houze et al. 1981; Wolde and Vali 2001; Evans et al. 2005; Ikeda et al. 2007; Rosenow et al. 2014) , suggesting that updrafts were sufficiently strong to sustain supercooled liquid water, even in the presence of significant ice water contents.
With this historical context in mind, we present our FROST observations of generating cells and shroud echoes in the following section. We address the following main scientific questions in this study: How prevalent are generating cells in winter storms over northern Colorado? What are plausible mechanisms for their formation? What are the physical and microphysical characteristics of these generating cells? Could such characteristics provide information about the presence of supercooled liquid water in winter clouds?
FROST observations a. Synoptic overview
All of the major events from the FROST dataset exhibited very similar synoptic environments. Such a setup is reminiscent of previous studies of winter events in Colorado (e.g., Rasmussen et al. 1995, among others) and is conducive to the production of shallow (;2 km thick or less) upslope precipitating clouds. As an example, the salient synoptic features from the 9 April 2013 event are shown in Fig. 3 , valid at 1200 UTC. Subzero temperatures associated with an Arctic air mass were in place over much of Colorado after the passage of the cold front. The cold front was associated with an upper-level trough approaching from the southwest, which at 1200 UTC was centered approximately on the Four Corners region of the southwestern United States. The strong northeasterly surface flow behind the front allowed for the shallow upslope cloud to form. The largescale ascent associated with the downstream portion of the upper-level trough is suspected to play an important Henrion et al. (1978) 1-2 km 0.5-0.7 km Herzegh and Hobbs (1981) 3-6 km 1-2 km 1.1 m s 21 Houze et al. (1981) ;1.5 km ;1.5 km Sassen et al. (1990) 1-2 km Wolde and Vali (2001) Hundreds of meters to 1 km ;2 m s 
b. Generating cells
Despite using predetermined scanning strategies during most of the data collection efforts as well as overnight unattended operations by both X-band radars, generating cells were found in every case in FROST, evident in the limited number of RHI scanning directions selected. This means that they are likely very common in winter precipitation, if not ubiquitous. In agreement with Douglas et al. (1957) and the literature review presented in the previous section, there was no preferred height or temperature level at which the generating cells appeared; they were observed at heights ranging from 3.0 to 8.0 km (cf. Fig. 2 ), which corresponds to temperatures ranging from approximately 2128C to colder than 2408C. Figure 2 also reveals that their frequency and spacing varied considerably as well.
The widths of individual turrets generally was less variable, with most on the order of ;1 km or less in girth, as visually estimated from the Z H field in RHI scans. In some cases, the individual turrets remained distinct in the Z H field for up to ;1 km in height (e.g., Fig. 4) . Note that at least some of the variability in these characteristics can be attributed to differences in how the radar cross sections intersected the generating cells in the different cases. In addition, the radar may not give a complete picture, as there may be portions of generating cells without particles large enough to be detectable by radar. Such regions (e.g., supercooled cloud droplets) could still be microphysically important.
The Z DR field in Fig. 4 also shows that microphysical variability is possible even at the same height or temperature level within a given case, strongly suggesting that differences in supersaturation, riming, aggregation, and so on may occur within different generating cells. In a typical case, fall streaks were observed descending from the more mature generating cells as snow fell into the underlying layer of sheared flow.
Figures 5a and 5c are of a PPI scan taken at a higher elevation angle (4.998) such that the beam transects the generating cells. An RHI overlaid with the beam propagation path through some of the generating cells at that elevation angle is provided in Figs. 5b and 5d. It demonstrates the lack of preferred spacing or orientation of the generating cells in plan view, as well as their convective appearance. As mentioned in the previous section, the lack of any well-defined periodic structure or orientation to their spacing strongly suggests that the generating cells are convective in nature and are not forced by any wavelike kinematic features. The PPI scan also reveals that the generating cells are roughly isotropic in the horizontal plane. Thus, the characteristic scales inferred from the RHI scans (which provide a better view of their horizontal dimension) should not depend on viewing angle and should be valid for both horizontal dimensions of the generating cells. Also note the two distinct precipitation regimes evident in Fig. 5 . The first is a shallow layer (,2 km) near the ground formed by upslope flow, topped by a thin band of enhanced Z DR values approaching 3 dB. Beneath this enhanced Z DR , Z H increases toward the ground, coincident with a decrease in Z DR . These signatures indicate pristine anisotropic ice crystals near the top of this layer, followed by aggregation of the crystals as they descend. From the 1200 UTC operational sounding launched from DNR before the radar scan, it is observed that the temperature at this low-level (1.5-2.0 km AGL) enhanced Z DR band is about 2158C. Thus, dendritic or platelike crystals are likely, depending on the saturation levels supported by the weak updrafts. Because of the rapid aggregation suggested by the polarimetric radar observations, dendrites seem to be the most likely habit.
Overlying this shallow layer are vertically erect generating cells between about 3 and 4 km AGL. Some of the generating cells are characterized by very large Z DR values of more than 4 dB. The sounding-inferred temperature in this layer is from approximately 2128 to 2188C, and therefore dendritic or platelike crystals again are likely being generated within the generating cells. The double 2158C layers (and thus double layers of enhanced Z DR ) reveal the complex thermodynamic and microphysical structure of some of these winter cases. The highest Z DR values correspond to lower Z H values, possibly indicating that smaller platelike crystals are growing in weaker and/or younger generating cells characterized by smaller supersaturations. Such plates are inefficient at aggregation, allowing the generating cells to maintain the high Z DR and low Z H values. In contrast, the higher-Z H , lower-Z DR cells could be indicative of dendrites growing in larger supersaturations produced by stronger or more mature generating cells. Such dendrites more readily aggregate, producing larger Z H and lower Z DR . In addition, the stronger updrafts are also those most likely to support supercooled liquid water and the potential for particle growth by riming.
Indeed, the microphysical structure of the generating cells is governed by the temperature in which they form and the supersaturations they can maintain. In selected cases, the special soundings launched from MFS using CSU's Vaisala, Inc., sounding system allowed for an investigation of the environmental characteristics in which generating cells occurred. To investigate this microphysical dependence on temperature, RHI scans over MFS (at an azimuth of 220.78) were selected if they occurred within 10 min prior to or 20 min after the sounding launch time. These selection criteria were chosen in an attempt to maximize the representativeness of the sounding-observed temperatures; there is no guarantee, however, that the sounding is entirely representative over the large area sampled by the RHI scans. The data from altitudes of greater than 1 km AGL and between 10-and 80-km range were chosen to minimize contamination from ground clutter, beam blockage, and the terrain at far ranges. In addition, a normalized coherent power threshold of 0.25 was chosen to ensure radar volumes of sufficiently good quality. The resulting radar volumes were binned according to the MFS-sounding-observed temperature in 0.28C bins, for each of which the median Z DR and 0.05 and 0.95 quantiles of Z DR were computed. Also, the Z DR data were put into 0.2-dB bins, and a normalized frequency distribution was constructed (normalized by the largest frequency within a 0.28C bin such that the maximum frequency in each 0.28C bin is 1.0). The results for the 9 March 2013 case are shown in Fig. 6 . It is clear that a much wider distribution is found centered on a temperature of approximately 2158C, corresponding to platelike or dendritic growth. The distribution around this temperature is strongly skewed toward larger Z DR values. The median and 5%-95% bounds are also slightly shifted to larger Z DR values at these temperatures. The radar volumes recording Z DR values in excess of 4-5 dB require the presence of highdensity crystals such as plates, whereas dendrites tend to produce more modest (but still enhanced) Z DR values (e.g., Hogan et al. 2002; Kennedy and Rutledge 2011; Andri c et al. 2013; Schneebeli et al. 2013) . At colder temperatures, the distribution is remarkably flat, centered on much lower Z DR values-a situation that is indicative of more isometric crystals. At temperatures that are warmer than approximately 2158C, the median Z DR and peak of the Z DR distribution drop to lower values, likely indicative of aggregation of the dendritic crystals located above. This analysis was repeated for each sounding time. The expanded distribution at 2158C was not as pronounced or sometimes not even present in each case; rather, the distribution was similar to that at colder temperatures (not shown). This may be because crystals were initiated and grown at colder temperatures and simply descended into warmer temperatures without growth (i.e., conditions were not favorable for ice crystal growth at these levels at these times).
Selected data from radiosondes launched from MFS during snowstorms are shown in Fig. 7 . In each instance, small dewpoint depressions characterize the majority of the troposphere, suggesting the storms were characterized by deep clouds at the times of the soundings. In at least two of the cases (21 February and 9 April), an indication of shallow upslope flow is present, suggested by the low-level cold layer with northeasterly flow overtopped by a strong inversion. As discussed above, many of the previous studies have posited lifting of convectively unstable parcels as the mechanism by which generating cells form. To diagnose regions of potential instability, the vertical profile of equivalent potential temperature u e and its vertical gradient are computed (Fig. 8 ) from the sounding measurements by following the method of Lamb and Verlinde (2011) . (Note that use of the equivalent potential temperature with respect to ice, or u ei , may also be used for snowstorms. We chose to use the more conservative u e , which provides a more stringent criterion for the detection of regions of potential instability.) Potential instability exists where u e decreases with increasing height (i.e., where ›u e /›z , 0). In the 20-21 February 2013 case (Figs. 8a,b) , there are several regions of potential instability in the layer between approximately 3.75 and 7.0 km, with the largest magnitude of just below 2 K km 21 being located at ;3.75 km.
Vertical cross sections from CSU-CHILL ( Fig. 9 ) reveal generating cells in this layer, which is consistent with the sounding-observed regions of potential instability. Note that the vertical extent of generating cells at farther ranges (.70 km) is likely underestimated, as the top portions of the cells fall below the minimum detectable reflectivity at those ranges. Enhancements of Z DR and K DP are evident in the top portions of the generating cells (Figs. 9b,c) , roughly centered at ;3-4-km height. Maximum K DP values exceeded 1.58 km
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, indicating sufficiently large concentrations of anisotropic crystals. The 0017 UTC sounding at MFS (cf. Fig. 7a ) indicated a temperature at 3 km (4 km) AGL of 218.38C (226.38C). Thus, the enhanced polarimetric signatures at these temperatures are consistent with growth of platelike or dendritic snow crystals (e.g., Kennedy and Rutledge 2011; Andri c et al. 2013; Bechini et al. 2013) . Indeed, near this time the sounding crew at MFS observed small (,2 mm) dendrites at the surface, mixed with small, irregular crystals.
A time-height display of vertically pointing NCAR-XPOL Z H and Doppler velocity measurements over a 3-min period beginning at 2355 UTC (Fig. 10 ) reveals positive Doppler velocities (up to 1 m s 21 ) associated with weak Z H (,5 dBZ) above ;3.75 km, consistent with the depth (diagnosed from the sounding) containing potential instability. The mean Doppler velocity over the 3-min period was positive above ;4.4 km (Fig.  10c) . Note that the measured vertical Doppler velocity is a combination of particle fall speed and air motion; thus, the actual vertical air motion is somewhat higher than measured (i.e., .1 m s
). This vertical velocity estimate is consistent with the values reported in the literature reviewed above. Fig. 11 ) reveals generating cells that extend up to ;6.5 km AGL at the range of MFS (approximately 72 km), consistent with the diagnosed heights of potential instability from the sounding. Vertically pointing NCAR-XPOL data from about this time ( heavily rimed dendritic or stellar snowflakes that retained some semblance of shape, along with small aggregates. A final example of potential instability associated with observed generating cells comes from a snow storm that occurred on 9 April 2013. The vertical profile of u e derived from an MFS sounding and the computed ›u e /›z profile at 0820 UTC are shown in Figs. 8e and 8f. The layer between approximately 3.0 and 5.0 km (from 211.18 to 226.48C) reveals negative ›u e /›z, with minimum values approaching 24 K km 21 at ;4.75 km AGL (224.58C). This corresponds well to the generating cells observed at this time with CSU-CHILL (Fig. 13) in the 4-6-km AGL layer. Unfortunately, vertically pointing radar data are not available for this case because of a power supply failure to the NCAR-XPOL. At the time of the sounding (and for at least 30 min afterward), very small (;1 mm or less), high-density rimed particles were falling; the sounding crew could hear the sounds of the particles striking the sounding trailer. (Note that strong flow at low levels coupled with small terminal velocities of ice crystals means that substantial horizontal advection is possible.) The FROST observations of generating cells occurring within or near layers of sounding-inferred potential instability along with coincident vertically pointing radar data indicating upward motion in these same regions provide strong evidence to support the notion that generating cells are convective in nature, realizing potential instability often near echo top in winter storms. The observations presented herein of ;1-km horizontal and vertical dimensions of generating cells and estimated vertical velocities up to (and possibly exceeding) 1 m s 21 within them are in excellent agreement with generatingcell characteristics that have been reported in the literature. The presence of rimed particles in at least three of the cases indicates that supercooled liquid water was present in some portion of the cloud. With the additional information provided by the polarimetric radar variables, we can explore the microphysical structure of generating cells. In the next section, we report on an interesting structure found in our dataset.
MFS (

c. Shroud echoes
In several of the FROST cases, the generating cells are enshrouded by a thin layer of enhanced Z DR values that sometimes exceed 4 dB (Fig. 14) . These enhancements in Z DR appear on the periphery of the generating Melnikov et al. 2011 Melnikov et al. , 2013 . Rather, they are presumably indicative of pristine anisotropic crystals at the periphery of the generating cells. Indeed, the Z DR values exceeding ;4-5 dB are indicative of high-density, very anisotropic crystals such as plates or platelike dendrites (e.g., Hogan et al. 2002; Wolde and Vali 2001; Andri c et al. 2013) .
In contrast to the high-Z DR periphery of shroud echoes, the cores tend to be characterized by higher Z H and lower Z DR values. Previous studies have identified the updraft cores of generating cells being collocated with the highest Z H or SNR (e.g., Carbone and Bohne 1975; Cronce et al. 2007 ). Thus, if these updrafts are sufficiently strong to maintain the presence of supercooled liquid water, the liquid water content is expected to be largest within the updraft core in the center of the generating cell. As a result, the ice supersaturation would be maximized within the cores. According to the Bailey and Hallett (2009) ice crystal habit chart, there is no temperature at which higher supersaturations result in more isotropic particles (with intrinsic low Z DR ) than do lower supersaturations. In other words, it is unlikely that a difference in vapor depositional growth conditions causes the Z DR appearance of shroud echoes. The lower Z DR in the cores of the generating-cell updrafts also are not a result of more chaotic tumbling of pristine crystals, because spectrum-width values within the cores of generating cells remain low (,1.0 m s 21 ; see Fig. 15a ), indicating a lack of significant turbulence within the cells. In fact, the largest spectrum-width values exist at ;2 km AGL-a layer characterized by very large vertical wind shear (Fig. 15b) . The possible role of vertical wind shear on the formation and structure of generating cells is discussed in the next section. Significant tumbling of crystals is also discounted because r hy remains high within the generating cells (not shown), indicating a high degree of common alignment of particles and/or a lack of diversity of shapes within the radar sampling volume. If pristine anisotropic particles were tumbling, r hy should be decreased. Mismatching between the H-and V-polarization beams is also unlikely, because beam patterns have been extensively studied for CSU-CHILL measurements at S band (e.g., Bringi et al. 2011) . The X-band-only component used for this study is expected to have even better performance. Thus, beam mismatching is not a cause for concern, particularly with such weak Z H gradients.
Therefore, at present, we favor riming and/or aggregation as a plausible explanation for the observed anticorrelation between Z H and Z DR in generating cells with shrouds. Recall from the introduction that supercooled liquid water and thus riming are possible given the sufficiently strong updrafts in generating cells. Also, the spatial correlation between updraft velocity and particle concentration found in previous studies implies that larger particles fall back through the updraft rather than being ejected from the top of the generating cell (e.g., Carbone and Bohne 1975) , which is a favorable condition for collecting supercooled cloud droplets. Size sorting as larger rimed and/or aggregated particles fall out would lead to the smaller, more pristine (and thus more anisotropic) crystals being left behind. The observations of rimed particles at MFS in each of the cases presented above demonstrate that riming of snow crystals was ongoing in the cloud. When ice crystals initiated in generating cells are of dendritic habit (which is expected around 2158C), rapid aggregation is also possible. There exists some ambiguity, because the polarimetric signatures of small rimed particles and aggregated snowflakes are very similar. Because both small graupel and aggregates were observed at the ground during FROST cases, we cannot say conclusively which microphysical process is dominant in each case. Thus, future studies employing in situ observations may be able to elucidate the particle types present in generating cells and allow for this important microphysical distinction. These Z DR shrouds around generating cells are not always observed. The habit of crystals grown in generating cells is dependent on the temperature and ice supersaturation attained. Thus, in some cases, the pristine crystals may not be sufficiently anisotropic to produce observable enhancements of Z DR . In other cases, distance from the radar may preclude observations of enhanced Z DR because of beam broadening (and thus signal domination by larger rimed particles and/or aggregates) or because of the shroud echo being below the minimum detectable reflectivity, which increases with increasing distance from the radar (e.g., Doviak and Zrni c 1993) .
d. Evolution of generating cells
In addition to the standard scanning strategies employed during FROST, special series of RHI scans were collected using CSU-CHILL during a select few cases. These consecutive RHI scans were chosen to capture how the generating cells evolve rather than simply observing them at a ''snapshot'' in time (as in those cases above). One such implementation of consecutive RHI scans happened on 9 April 2013. Figure 16 shows the evolution of a particularly vigorous generating cell over a 10-min period starting at 2106:22 UTC. The radar operator admirably attempted to take RHI scans along the direction of the mean cell motion. Given the difficulty of this in practice, however, we caution that it is possible that the generating-cell motion had a component normal to the plane of the vertical cross section. Nonetheless, if we assume that the generating cell remains perfectly within the cross-sectional plane over this 10-min period, we may compute the ascent rate of the echo top and attribute it solely to lofting of particles by the updraft. Figure 17 shows the measurable echo top as well as the heights of the 10-and 20-dBZ contours throughout this period. A simple calculation provides an estimate of the average ascent rate of 2 m s 21 over the first few scans, followed by leveling off, and finally descent. This estimate of updraft speed is consistent with previous observations from other FROST cases (described above) as well as those reported in the literature. While the echo top remains quasi stationary from about 2109 through 2112 UTC the 10-dBZ contour continues to move upward (Fig. 17) . This situation has the effect of sharpening the vertical gradient of Z H over this time period. One possible interpretation of this tightening Z H gradient is that particles within the generating cell are undergoing growth (perhaps through riming), whereas the updraft velocity of the cell is not increasing. This is also the time that a 20-dBZ contour appears in the cell, also signifying the growth of particles (and/or an increase in their concentration) in the lower portion of the cell. Between 2112:48 and 2114:24 UTC, the echo top remains nearly constant while the 10-dBZ contour descends by ;200 m, which in effect relaxes the Z H gradient. This is consistent with fallout of the larger particles that have grown heavy enough to descend through the updraft (i.e., size sorting is ongoing, as suggested above for shroud echoes) in the absence of any significant change in updraft strength. After 2114:24 UTC, the generating cell diminishes in vertical extent, possibly as a result of updraft weakening and/or the cell moving out of the cross-sectional plane. The data presented in Figs. 16 and 17 suggest a lifetime on the order of at least 10 min for the generating cells.
The increase of Z H toward the ground observed within this cell is consistent with the fingerprint of growth of particles through riming and/or aggregation. The Z DR in this particular generating cell remained low throughout this period (not shown), implying the presence of rimed and/or aggregated particles. Because the top of the echo never displayed enhanced Z DR , we favor the hypothesis that riming was ongoing. If aggregation was the dominant process in the generating cell, it must be occurring very rapidly, suggesting that dendrites would have to be the most likely pristine crystal type. The lack of a Z DR or K DP enhancement associated with the lower Z H values at the periphery of the echoes (i.e., no shroud) indicates that dendrites were not present in significant concentrations. Indeed, the generating cell appeared at temperature levels inferred from the DNR sounding that are too cold for dendritic growth (i.e., colder than 2228C; Fig. 17 ). These temperatures are more consistent with the growth of crossed plates or assemblages of large plates and side planes (e.g., Bailey and Hallett 2009), which are more isometric ''polycrystals'' that tend to produce lower Z DR and are less efficient at aggregation (e.g., Andri c et al. 2013).
Discussion
There are at least two distinct modes of precipitation generation observed in the FROST cases. The first is shallow upslope flow, in which precipitation echoes are typically confined to a layer that is less than 2 km deep and is topped with a band of enhanced Z DR (cf. Fig. 5 ). The vertical motion produced by upslope flow is typically only a few centimeters per second. The vertical structure of the polarimetric radar variables suggests initial depositional growth of dendritic crystals at the top of the layer, followed by rapid aggregation beneath (e.g., Kennedy and Rutledge 2011; Andri c et al. 2013) . The second mode is the generating cells that are the subject of this study. As seen above, updraft speeds in the generating cells are much larger than in the upslope flow cases, exceeding 1 m s
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. A natural question is, What proportion of the snow reaching the surface is produced by each of these two modes? In other words, How important is the role of ice nucleation in generating cells in comparison with shallower upslope flow layers? The stronger vertical velocities in generating cells are expected to be more efficient at activating ice nuclei; the available concentration of ice nuclei generally decreases with height in the troposphere, however, and generating cells tend to be located above the shallow upslope flow layer.
Previous studies have found that 20%-30% of the precipitation content reaching the ground is produced in generating cells, depending on their vertical velocity (Hobbs et al. 1980; Houze et al. 1981; Rutledge and Hobbs 1983) . In our study, the limited radar data unfortunately prohibit reconstruction of the full three-dimensional structure of the storms. It is difficult to estimate the relative proportion of snow production from generating cells as compared with other parts of the storm from just a sample of RHI scans and PPI scans in each case. Although predominantly used for studying fast-evolving severe convective storms and tropical cyclones, rapidscanning polarimetric radars (e.g., Pazmany et al. 2013) could be used to provide high-resolution, volumetric scans of winter storms to investigate the precipitation efficiency and microphysical evolution of generating cells within such storms. Such research could have important implications for numerical weather prediction models, particularly winter quantitative precipitation estimation. If a nonnegligible portion of snowfall is generated by sub-1-km-scale structures, typical operational models employing comparatively coarse resolution may not be able to adequately resolve an important part of precipitation formation in winter storms. In addition, the riming and/or aggregation inferred from the radar measurements indicates that snow particles growing in generating cells will have larger fall speeds than crystals grown through vapor deposition, possibly contributing to a larger net precipitation flux to the surface. The possible presence of supercooled liquid water and the variety of particle types present within generating cells inferred from polarimetric radar measurements also should be understood in the context of their contributions to the radiative budget of winter storm clouds, particularly if not well simulated in traditional numerical models. As we saw above, there was no preferred height or temperature level at which generating cells appeared in each of the FROST cases. The only common characteristic about the location of their appearance is that they occurred near echo top. In the cases in which MFS soundings could corroborate the presence of potential instability, it was found to be in the same layers as the generating cells. Thus, one wonders why the potential instability exists in each case. The routine soundings from Denver (0000 and 1200 UTC) did not always show layers of potential instability. This may be because of the coarser resolution of these operational soundings, the representativeness of the environment, or other factors. The fact that the MFS soundings (launched into the snowing clouds) did show potential instability hints at the possibility that radiative effects at cloud top may be important for producing or maintaining generating cells. For example, we speculate that cloud-top cooling paired with heating associated with depositional and riming growth of snow crystals within the cloud could be a mechanism by which lapse rates are able to remain steep enough to maintain convection. In addition, advection of drier and/or cooler (i.e., lower u e ) air aloft as a result of the synoptic pattern in most of these cases could play a role in producing the potential instability. Analysis of the evolution of the thermodynamic profiles from consecutive MFS soundings does indicate small decreases in u e values over time in the layers containing potential instability and generating cells, although the observations are inconclusive as to whether this is because of advection or other effects. Potential instability is not found at the top of the shallow upslope layer because often there is a sharp inversion overlying this layer; thus, it is too stable for radiative effects to generate or maintain potential instability. In contrast, the environmental lapse rate above the upslope layer was always near moist adiabatic (because of radiative-convective equilibrium); therefore, it would not take much heating/cooling or advection of low-u e air to generate convective instability near cloud top. Future modeling studies should pay attention to radiative effects and the large-scale forcing to explore their possible roles in generating and/or maintaining potential instability at cloud top. Another factor to consider is the possible role of vertical wind shear. In most of the cases, a large amount of vertical wind shear existed near the layer with the inversion (cf. Figs. 7 and 15 ) where winds change from predominantly northerly at low levels to southerly aloft. Houze and Medina (2005) found cellular updrafts above the melting layer in their study of winter midlatitude frontal systems in the Pacific Northwest. They suggest that shear-induced turbulence may serve as a source for the rising motion. In addition, the authors suggest that a layer of turbulence may also affect the hydrometeors passing through by increased aggregation and possible riming.
The appearance of the generating cells themselves suggests that they are not strongly influenced by vertical wind shear, as the cells are upright in every case (i.e., there is no evidence for tilting). Also, the soundings in Fig. 7 demonstrate that wind shear is considerably smaller in the layers in which generating cells occurred, at least in those three cases. Thus, it appears unlikely that vertical wind shear plays a role in the structure or appearance of the generating cells. Note that the vertically pointing Doppler radar data revealed updrafts near cloud top, up to several kilometers above the shear layer. The shear layers themselves did not exhibit substantial upward vertical motion. We cannot, however, rule out the possibility that some mechanism similar to that proposed by Houze and Medina (2005) may be acting on the hydrometeors formed aloft that subsequently descend through the shear layer.
Recent observations from the Profiling of Winter Storms (PLOWS) experiment using the high-resolution, vertically pointing, airborne ''Wyoming Cloud Radar'' system have shown a frequent occurrence of generating cells in midlatitude cyclones (e.g., Plummer et al. 2013; Rosenow et al. 2014 ). Generating-cell characteristics found in those cases are in very good agreement with those found in our Colorado storm cases analyzed here. This result suggests that generating cells have characteristic scales (width, height, and updraft speed) that do not vary much, even in different geographical areas. In addition, it demonstrates that generating cells indeed are very common in all types of snowstorms, in various parts of the United States. Future studies employing high-resolution radar in other regions may confirm the common presence of generating cells in snowstorms.
The frequent occurrence of updraft turrets near echo tops found in this study is important for aviation concerns. In addition to the possible turbulence generated by convective motions at echo top, generating cells may provide a possible sustained source of supercooled liquid water that may pose an icing hazard to aircraft. Indeed, the radar data suggest ongoing riming in some of the generating cells, providing strong evidence that supercooled liquid water was present in at least some of the FROST cases. Aircraft or other in situ observations can help to clarify the particle types and amount of supercooled liquid water present in generating cells. If supercooled liquid water is a common occurrence within generating cells, soundings may be used to identify layers of potential instability where generating cells are likely to grow so as to forecast potential icing hazards.
Summary
Coordinated observations in 19 winter-storm cases were obtained during the 2013 Front Range Orographic Storms project. Measurements included special soundings and radar observations from two research X-band polarimetric radars: NCAR-XPOL and CSU-CHILL. We present some of the high-resolution polarimetric radar data of snow-generating cells collected during FROST. The main conclusions of this study may be summarized as follow: 1) Generating cells were found in every FROST case (19 total), indicating that they are very common (if not ubiquitous) in snowstorms. In a typical case, these generating cells were located in deeper clouds, often overlying a shallow layer of upslope flow. 2) Characteristics of generating cells include ;1-km horizontal and vertical dimensions and updraft speeds on the order of 1-2 m s
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. These scales are in good accord with previous studies. In addition, ''rapid scan'' observations revealed lifetimes of individual convective turrets that are on the order of at least ;10 min. 3) When corroborating soundings were available, the locations of generating cells were found within cloud-top layers containing potential instability. We speculate that radiative effects are important for the maintenance of such instability (and thus generating cells). 4) At present, our observations suggest that vertical wind shear may play only a limited role in the appearance or structure of generating cells. Highresolution numerical simulations may be used to further explore the role of vertical shear. 5) In some cases, the generating cells were enshrouded by a thin layer of enhanced Z DR indicative of pristine, anisotropic ice crystals such as plates or dendrites. The anticorrelation between Z H and Z DR in these shroud echoes is suggestive of ongoing riming and/or aggregation within the core of the generating cells. Rimed particles were observed at the ground in at least three of these cases. Figure 18 is a conceptual model of a generating cell with a shroud echo. 6) The implied presence of supercooled liquid water within generating cells and their frequency of occurrence have important implications for numerical modeling efforts and for aviation icing concerns.
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APPENDIX
NCAR-XPOL Radar
The NCAR X-band Polarimetric (NCAR-XPOL) radar is a transportable polarimetric Doppler radar manufactured by ProSensing, Inc. It was placed at the Marshall Field Site for the duration of the FROST experiment and was controlled remotely. Selected technical specifications of the NCAR-XPOL, as well as some of the operating characteristics employed during FROST, are provided in Table A1 . FIG. 18 . Conceptual model of a vertical slice through a generating cell with a shroud echo with example particle types present. The shroud of large Z DR and low Z H values (yellow color) indicates the presence of pristine, anisotropic crystals with platelike or dendritic habits. The core of the generating cell (bluish color) is characterized by low Z DR and moderate Z H , indicating more isotropic particles such as snow aggregates or rimed crystals, the largest of which are descending (blue dashed lines). The core is also where the strongest updraft speeds (and thus supersaturations with respect to ice) are located, indicated by the black vertical arrow. See also the ''particle fountain'' schematic of Yuter and Houze (1995) . 
